Four neurotrophins have been identified in mammals: nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4/5). NGF activates TrkA, BDNF and NT-4/5 activate TrkB, and NT-3 activates TrkC primarily, although it can also activate TrkA and TrkB less efficiently in some cell types (reviewed in ref. 1).
Neurotrophins are essential to the normal development and maintenance of the nervous system. Neurotrophin signaling is mediated by Trk family tyrosine kinases such as TrkA, TrkB and TrkC, as well as by the pan-neurotrophin receptor p75NTR. Here we have deleted the trkB gene in cerebellar precursors by Wnt1-driven Cre-mediated recombination to study the function of the TrkB in the cerebellum. Despite the absence of TrkB, the mature cerebellum of mutant mice appears similar to that of wild type, with all types of cell present in normal numbers and positions. Granule and Purkinje cell dendrites appear normal and the former have typical numbers of excitatory synapses. By contrast, inhibitory interneurons are strongly affected: although present in normal numbers, they express reduced amounts of GABAergic markers and develop reduced numbers of GABAergic boutons and synaptic specializations. Thus, TrkB is essential to the development of GABAergic neurons and regulates synapse formation in addition to its role in the development of axon terminals.
roles of TrkB signaling in cerebellar synaptogenesis, because this process reaches its peak in the second and third postnatal weeks 26 .
To overcome this problem, trkB conditional-mutant mice have been generated using the Cre/LoxP recombination system 7, 8, 27 . Using this system, we have generated mice that lack TrkB expression in the cerebellum by crossing a trkB conditional strain 7 with a line of transgenic Wnt1Cre mice in which Wnt1 regulatory elements direct the expression of Cre recombinase to the neural crest and primordial midbrain, including the precursors cells of the cerebellum and precerebellar system [28] [29] [30] . The Wnt1Cre/trkB conditional-mutant mice survive to adulthood with normal numbers of all cerebellar cell types, but have marked deficits in GABAergic enzymes and synapses.
RESULTS

Pattern of Wnt1Cre-mediated deletion in the cerebellum
The Wnt1 promoter/enhancer is active at embryonic day 8.5 (E8.5) in the region of the neuroepithelium from which all cells in the cerebellum are derived 28 . To determine the pattern of Wnt1-driven Cre-mediated recombination in the cerebellum, we crossed Wnt1Cre transgenic mice with mice carrying the Cre reporter R26R. In R26R mice, expression of β-galactosidase identifies all cells in which Cre-mediated recombination has occurred. Analysis of adult Wnt1Cre;R26R mice showed that recombination had occurred in all types of cell in the cerebellum and in most cells in the midbrain, which indicated that progenitor cells committed to these regions expressed the Wnt1Cre transgene during development. Some recombination also occurred in other regions of the CNS and PNS (Fig. 1a and b) .
We used antibodies against β-galactosidase to examine expression of β-galactosidase in specific cerebellar cell types In wild-type controls, expression of TrkB is prominent in Purkinje (pl) and Golgi cells (arrows), but low in granular cells (star) and molecular-layer interneurons (arrowheads). (h) Immunoblot analysis of TrkB receptor protein in the cerebellum of 2-month-old wild-type, fBZ/fBZ and Wnt1;fBZ/fBZ mice. β-Tubulin protein was used for normalization. igl, internal granulecell layer; ml, molecular layer; nu, interneuron nucleus; pl, Purkinje cell layer; TrkB, fulllength TrkB receptor; TrkB-T, truncated TrkB receptor. Scale bars, 500 µm (a, e), 100 µm (b, f), 50 µm (c, g) and 10 µm (d).
To confirm that the pattern of recombination found in Wnt1Cre;R26R mice was also found in our mutant mice, we examined the expression of β-galactosidase in Wnt1Cre;fBZ/fBZ mice carrying two conditional trkB alleles. The conditional fBZ allele was generated by inserting a loxP-flanked full-length complementary DNA of trkB, followed by a tau-lacZ cDNA, into the trkB locus 8 . Cre-mediated recombination thus eliminated expression of TrkB and activated expression of the tau-lacZ reporter under the control of the trkB promoter.
Expression of Tau-β-galactosidase indicated that Cre-mediated recombination had occurred in the progenitors of several cell types in the adult cerebellum ( Fig. 1g-j) . As predicted by (Fig. 1c-f) . We found that all GABAergic interneurons, Purkinje and granule cells were labeled by β-galactosidase immunostaining (Fig. 1c-f and Supplementary Table 1, available on the supplementary information page of Nature Neuroscience online). Although there were examples in which β-galactosidase-containing inclusion bodies were not seen in a confocal section through a cell, inclusions bodies could always be found in other optical sections of that cell. the above results, recombination occurred in most interneurons in the cerebellum (Fig. 1g and h and Supplementary Table 1 ). In contrast, none of the antibodies detected immunoreactivity to β-galactosidase in Purkinje and granule-cell bodies, most probably because the Tau-β-galactosidase fusion protein is transported into dendrites and axons 31 . The results obtained with Wnt1Cre;R26R mice indicated, however, that the Wnt1Cre transgenic strain was driving recombination in all cerebellar cell types. Because activity of the Wnt1 promoter precedes the initial appearance of TrkB at postnatal day 7 (P7) 21 , cerebellar neurons almost certainly developed without exposure to signaling mediated by TrkB.
Loss of TrkB in the cerebellum of trkB mutant mice
In agreement with previous studies 18, 19 , in situ hybridization showed that expression of TrkB varied among different cell types of the cerebellum (Fig. 2a-d) . Expression was high in Purkinje cells and Golgi interneurons (Fig. 2a-c) , but more moderate in basket and stellate interneurons and in granule cells ( Fig. 2c and d) .
Because the Wnt1Cre transgene was expressed in the progenitors of all cerebellar cell types, we anticipated that trkB expression would be lost in Wnt1Cre;fBZ/fBZ conditionalmutant mice. In situ hybridization showed that there was a complete loss of trkB messenger RNA in the cerebellum of adult Wnt1Cre;fBZ/fBZ conditional mutants (Fig. 2a-g ). An affinity-purified antibody against the extracellular domain of TrkB 32 did not detect TrkB protein in immunoblots of the cerebellum of Wnt1Cre;fBZ/fBZ conditional mutants (Fig. 2h) . Consistent with previous results 8 , fBZ/fBZ mice expressed roughly 25% of the normal amount of full-length TrkB and no truncated isoforms of this protein (Fig. 2h) .
Normal cerebellar architecture without TrkB
To determine the effect of the lack of trkB on the cerebellum, we first examined the gross anatomical organization in 2-month-old mutant mice. Analyses of sections stained by Nissl and antibodies specific for glial fibrillary acidic protein (GFAP) indicated that there were no apparent differences in folia development, or in laminar and glial scaffold organization, between wild-type control and conditional-mutant mice (Fig. 3a-h) .
Because our study focused on lobule IV (see below), we examined the cross-sectional areas of the molecular and the granule-cell layers in this lobule. Significant reductions in the molecular (24%) and granule cell (16%) layers were observed ( Table 1) . To determine whether the reductions in cross-sectional areas were caused by reductions in cell number, we quantified the main cell types of the cerebellum. In the granule-cell layer of the conditional mutant, the density of granule cells (the main cell type in this layer) was increased by 12%, whereas the density of Golgi cells was unchanged ( Table 1 and Fig. 3f and i) . The average diameter of granule cells in mutants was not smaller than in control littermates ( Table 1) , which suggested that the loss of cross-sectional area was caused by a reduction in the number or size of fibers between these cells. A decrease in fiber number or size would also explain why granule-cell density was increased slightly in mutant animals.
Because the molecular layer contains a very low density of cells, the 24% reduction in its area was almost certainly caused by a loss of dendritic or axonal volume. The cell densities in the molecular layer were similar in all three genotypes ( Table 1) . We detected no significant changes in the diameter or number of parallel axons profiles ( Table 1) . A loss of Purkinje cells or reduced volume of Purkinje cell trees might also potentially explain the reduced area of the molecular layer. We observed no significant change in the density of Purkinje cells in Wnt1Cre;fBZ/fBZ mutant mice ( Table 1 and Fig. 3g and j).
Granule and Purkinje cell development without TrkB
As in previous studies of BDNF and trkB mutants 4, 22, 23 , we observed a modest delay in granule-cell migration in the trkB conditional-mutant mice (not shown). Thus, by the end of the third postnatal week, cells had completed migration to the internal granule-cell layer, and both wild-type control and mutant external granule-cell layers appeared identical (not shown). Despite the absence of TrkB, granule-cell development seemed normal. First, the density of granule cells was not reduced in conditional-mutant mice ( Table 1) . Second, the morphology of granule cells, as observed in Golgi-impregnated sections, appeared normal ( Fig. 4a and c) . Third, analysis of the ultrastructure of granule cells by electron microscopy indicated that the organization of these cells was normal ( Fig. 4b and d) . Fourth, the diameters of granule-cell bodies and the density and diameter of parallel fiber profiles were similar in all three genotypes (Table 1) . Last, granule cells seemed to express normal amounts of the α6 subunit of the GABA A receptor ( Fig. 4e-h ), a molecular marker of maturity and postsynaptic function. Together, these findings suggested that the development of granule cells occurred normally in the absence of TrkB signaling. biosynthetic enzyme glutamic acid decarboxylase). GAD65 is localized primarily in presynaptic boutons 34 and the onset of GAD65 expression in the cerebellum seems to follow synaptogenesis 35 .
To rule out the possibility that a phenotype could result from a general delay in the development of the mutant mice, we analyzed the adult cerebellum (P50-P80). Compared with wild-type and fBZ/fBZ control littermates, Wnt1Cre;fBZ/fBZ conditional-mutant mice showed markedly reduced immunoreactivity to GAD65 in both the granule-cell layer and the molecular layer (Fig. 5a-c,  g-i) . Because the organization of GAD65-containing boutons in the granule-cell layer made the accurate counting of terminals impractical, we quantified the total labeling found in a defined area (8,600 µm 2 ).
Compared with the wild-type control, a marked reduction (∼80%) in the area labeled by GAD65 immunostaining was observed in the granulecell layer of trkB conditional mutants (Fig. 6a) . For quantitative analyses, the intensities of the immunofluorescent signal for GAD65 were measured and expressed as gray levels. In the granule-cell layer, there was a more than twofold reduction in the number of GAD65-containing particles with high gray levels (>100 units), which suggested that the expression of GAD65 in boutons was also reduced (Fig. 6d) . Quantification of this phenotype in the molecular layer, where individual boutons can be identified, showed that, compared with in control mice (wild-type and fBZ/fBZ), there was a roughly 75% reduction in the number of GAD65-containing boutons in mutant mice (Fig. 6b) . The intensity of GAD65 expression in these boutons was also reduced (Fig. 6e) , and the loss of the large-sized boutons (>1.5 µm) was almost complete (Fig. 6g-i) .
To examine whether TrkB function is required only for maintenance and not for initially establishing GABAergic function in the cerebellum, we examined expression of GAD65 at P21-a stage when the process of synaptogenesis in the cerebellum is concluding 26 . At P21, expression of GAD65 was reduced markedly in both the granular and the molecular layer of the mutant cerebellum (not shown).
To confirm a reduction of GABAergic innervation in the mutant cerebellum, we analyzed the expression of the high-affinity plasma membrane GABA transporter GAT-1 in the adult cerebellum 36 . Expression of GAT-1 in the cerebellum is restricted to axon terminals of GABAergic cells (basket, stellate and Golgi cells), and its onset of expression is simultaneous with the establishment of GABAergic synapses 36 . In agreement with the expression of Our observations also indicated that the density and distribution of Purkinje cells were normal in adult mutant mice ( Fig. 3g  and j) . In agreement with a previous study of BDNF knockout animals 22 , a gross analysis of the Purkinje cell dendritic tree using antibodies specific for calbindin showed that the primary and secondary dendrites were well differentiated ( Fig. 4i and j) .
Decreased GAD65 and GAT-1 in trkB mutants
Because BDNF mediates the maturation and strength of GABAergic synapses in the cerebellum and visual cortex 14, 15 , we extended our analyses to GABAergic cells and fibers. A preliminary analysis of GABAergic innervation in the cerebellum of trkB conditional mutants suggested that anterior lobules (such as lobule IV) were more perturbed than posterior lobules (such as lobule VIII), consistent with the suggestion that NT-3 signaling through TrkC may compensate for the lack of TrkB signaling in more posterior lobules 33 . Concentrating on an anterior lobule (lobule IV), we first analyzed the expression of GAD65 (an isoform of the GABA articles GAD65, immunoreactivity to GAT-1 was reduced markedly in the molecular and, more prominently, in the granule-cell layer in lobule IV of conditional-mutant mice ( Fig. 5d-f and j-l) .
Because the inhibitory input from GABAergic interneurons was impaired markedly in the mutant mice, we examined whether GABAergic projections from the cerebellum were also disturbed. We focused our analysis on the fastigial nucleus, which is the main target of the GABAergic axons of Purkinje cells located in anterior lobules of the cerebellum. A roughly 70% reduction in the area of GAD65 immunostaining was found in the fastigial nucleus of Wnt1Cre;fBZ/fBZ mice (Figs. 5m-o and 6c) . A decrease in the intensity of the remaining GAD65 terminals was also observed in the fastigial nucleus of the mutant mice (Fig. 6f) .
Reductions in symmetric synapses in trkB mutants
The reduction of GABAergic markers in cerebella lacking TrkB suggested that TrkB is required for establishing inhibitory neurotransmission. To examine inhibitory synapses more directly, we analyzed the ultrastructure of GABAergic terminals in the granule-cell layer, where the exceptionally regular synaptic organization of the glomerulus made it possible to compare the organization of the inhibitory input in the presence and absence of TrkB (Fig. 7a) . The organization of glomeruli seemed to be similar in all three genotypes examined ( Fig. 7b-d) ; however, quantification of inhibitory (symmetric) synapses indicated a roughly 70% decrease in the number of inhibitory synapses per glomerulus in Wnt1cre;fBZ/fBZ mutant mice ( Fig. 7e and i) . The number of inhibitory synapses per Golgi neuron terminal was also reduced by about 40% in these mice (Fig. 7f-h, j) . Notably, the number of inhibitory synapses per terminal was reduced by 20% in fBZ/fBZ mice (Fig. 7f, g, j) . As compared with wild-type controls, there was no significant difference in the length of symmetric synaptic densities in fBZ/fBZ or Wnt1cre;fBZ/fBZ mice ( Table 1) .
In vitro studies have suggested that BDNF may act as a target-derived trophic factor for basilar pontine mossy fibers 25 . Because Cre was also expressed in the pontine nucleus progenitors (Fig. 1a) , we investigated whether the density of glomeruli was affected. A significant 27% reduction in glomeruli density was found in Wnt1Cre;fBZ/fBZ mutant mice as compared with wild-type control mice (Fig. 7k) . We also quantified the number of excitatory (asymmetric) synapses in the remaining glomeruli (mossy fiber-granule cell synapses). No significant differences in the number of excitatory synapses were found between genotypes, which suggested that the mossy fiber-granule cell dendrite synapses were normal (Fig. 7l) . Loss of GABAergic inputs and glomeruli might explain the 16% reduction found in the crosssectional area of the granule-cell layer. Consistent with the anatomical phenotypes, Wnt1Cre;fBZ/fBZ mice were ataxic and had severe deficits in motor coordination ( Supplementary  Fig. 2 , available on the supplementary information page of Nature Neuroscience online).
DISCUSSION
We have examined the role of TrkB in development of the cerebellum by using mice that lack TrkB expression in this structure. In contrast to conventional knockout mice, the Wnt1Cre;fBZ/fBZ conditional mutants developed into healthy adults. Absence of TrkB did not reduce the survival of any cerebellar cell population but did reduce the volumes of the granule-cell and molecular layers. Notably, there were significant reductions in expression of the GABA biosynthetic enzyme GAD65 and the GABA transporter GAT-1 within the terminals of GABAergic interneurons and Purkinje cells. Interneurons also formed reduced numbers of nerve terminals and, in the granule-cell layer, fewer inhibitory synapses. The decrease in the number of inhibitory synapses was independent of axon terminal development. By contrast, the number of excitatory synapses formed on these same glomeruli by mossy fiber afferents appeared normal. Although data suggest that BDNF-mediated TrkB signaling has a direct effect on the differentiation of Purkinje cell primary dendrites in conventional mutants at P8 and P12 (refs. 4, 23) , these dendrites appeared normal in adult Wnt1Cre;fBZ/fBZ animals. Because normal primary and secondary dendrites are observed in P17 and older BDNF mutants 22 , we think that delays in development might explain the observations in P8-P14 conventional mutants.
In conditionally targeted mice, the molecular layer area was reduced by 24% in lobule IV despite the apparently normal development of granule and Purkinje cells. It is possible that the parallel fibers may have been shorter in the TrkB-deficient cerebellum. Our analysis measured only their density and diameter and not their length. In addition, although the Purkinje cell dendrites appeared normal in our mutant mice, there might have been subtle effects on the higher-order branches of these dendrites that contributed to the reduction.
It has been suggested that basket, stellate and granule cells are essential to the proper formation of Purkinje dendritic arbors and their planar orientations 40, 41 . We have shown here that the absence of TrkB has marked effects on Golgi, basket and stellate interneurons. As a result, the inhibitory circuit mediated by these interneurons is almost certainly impaired. Purkinje and granule cell-specific Cre lines are needed to examine the potential subtle roles of TrkB on Purkinje dendritic trees or granule-cell axons independently of this circuit.
Development of inhibitory synapses
The absence of TrkB resulted in significant deficits in the terminals of interneurons that expressed GABA within the cerebellar cortex and in the terminals of Purkinje cells in the deep cerebellar nuclei. Fewer inhibitory terminals were seen and these had lower amounts of GAD65. In addition, fewer inhibitory synapses were formed by these terminals. Consistent with this, treatment with BDNF enhances inhibitory synaptic transmission in vitro [9] [10] [11] [12] [13] , and overexpression of BDNF accelerates the maturation of GABAergic inputs in both the visual cortex and cere- 
Development of cerebellar morphology
In targeted animals, the absence of TrkB did not significantly alter the overall morphology, layering or foliation of the adult cerebellum. Deficits in the foliation pattern have been observed previously in BDNF mutants at P14 (ref. 4). It seems possible that this phenotype is not a direct result of the BDNF mutation because postnatal BDNF mutants fail to thrive and are stunted in development owing to poor breathing and cardiac performance 37, 38 . reduced markedly in both the molecular and granule-cell layers. In the molecular layer, only 25-30% of the normal number of GABAergic boutons were detected; in the granule-cell layer, there was a fivefold reduction in the area occupied by GABAergic boutons. Analysis by electron microscopy also suggested that there were fewer GABAergic boutons in the granule-cell layer. We measured 70% fewer inhibitory synaptic specializations per glomerulus, but only 40% fewer inhibitory bellum in vivo 14, 15 . A recent study suggests that TrkB-mediated signaling may promote the formation of excitatory synapses in some brain regions. In this study, overexpression of BDNF was shown to increase both the complexity of retinal ganglion cell axonal arbors and the number of GFP-synaptobrevin clusters in these arbors in the optic tectum of Xenopus tadpoles 42 .
Development of granule and Purkinje cells
In adult Wnt1Cre;fBZ/fBZ mice, the number of terminals and the total area labeled by antibodies specific for GAD65 were synaptic specializations per GABAergic bouton. This discrepancy suggests that there was a twofold reduction in the number of boutons contacting each glomerulus.
Our findings show that TrkB signaling has a direct role in controlling the number of GABAergic synapses in healthy animals. First, loss of synaptic contacts occurred in the absence of pre-or postsynaptic neuronal loss. Second, not only was the total number of synapses reduced (which could directly reflect a reduction in the number of axonal branches and terminals), but there was also a reduction in the number of synaptic specializations per terminal. This indicates that TrkB may be involved directly in controlling the number of GABAergic synaptic specializations.
In vitro studies suggest that TrkB ligands promote survival and neurite outgrowth by cultured basilar pontine nuclei-the main source of cerebellar mossy fibers 25 . Consistent with this, we observed a modest 27% reduction in the density of glomeruli in lobule IV of trkB conditional mutants. The remaining mossy fiber boutons looked morphologically normal and had normal numbers of excitatory synapses. The reduction in mossy fiber bouton number was clearly insufficient to explain the fivefold reduction in the area of GABAergic boutons, as well as the fourto fivefold reduction of inhibitory synapses per glomeruli in the granule-cell layer.
In summary, our results show that TrkB signaling in vivo is necessary for several aspects of GABAergic neurotransmission in the cerebellum. TrkB seems to be functioning at two different levels: first, in maintaining the synthesis and uptake of GABA; and second, in regulating the number of terminals per axon and the morphological specializations in synaptic contacts. Deficits to these processes caused by a lack of TrkB almost certainly disrupt cerebellar function.
METHODS
Transgenic mouse strains. Mice lacking TrkB in the cerebellum were produced by breeding mice carrying a loxP-flanked trkB allele (fBZ) 7 with transgenic mice in which Wnt1 regulatory elements drive Cre recombinase expression (Wnt1Cre) 28 . In most experiments, trkB conditional mutants were compared with fBZ/fBZ and wild-type control littermates.
To analyze the distribution of recombination, we generated mice heterozygous for both the Wnt1Cre transgene and the R26R reporter 43 . Animal procedures were approved by the University of California San Francisco Committee on Animal Research.
Immunoblot analysis and immunohistochemistry. Protein extracts were prepared from the cerebellum of wild-type, fBZ/fBZ and Wnt1;fBZ/fBZ mice. We used 10 µg of protein per lane for SDS-PAGE and immunoblots. Antibodies against the TrkB extracellular domain 32 and against β-tubulin (Sigma, St. Louis, Missouri; 1:400) were used sequentially on the same blot.
For immunohistochemistry, animals were deeply anesthetized and perfused with PBS (pH 7.4), followed by 4% paraformaldehyde in PBS and a series of sucrose-PBS solutions (15-30%). We cut 40-µm serial sagittal sections in a sliding microtome. Littermates were processed in parallel in each experimental group (n = 3).
For double immunohistochemistry, free-floating sections were preincubated in 5% bovine serum albumen (BSA), 0.3% Triton X-100 diluted in PBS for 1 h at room temperature, and then incubated for 36 h at 4 °C with primary antisera diluted in 1% BSA, 0.3% Triton X-100 in PBS.
Cocktails included monoclonal (Promega, Madison, Wisconsin; 1:1,000) or polyclonal (5 prime-3 prime, Boulder, Colorado; 1:5,000) antibodies against β-galactosidase and one of the following antisera: mouse calbindin-specific antibody (Sigma; 1:1,000), rabbit calbindinspecific antibody (Swant, Bellinzona, Switzerland, 1:1,000), mouse parvalbumin-specific antibody (Sigma; 1:1,000), rabbit parvalbumin-specific antibody (Swant; 1:1,000), rabbit GABA-specific antibody (Sigma; 1:2,000), mouse GFAP-specific antibody (Chemicon, Temecula, California; 1:1,000), mouse phosphorylated neurofilament-specific antibody (NF200, Sigma; 1:2,000), mouse GAD65-specific antibody (Roche, Indianapolis, Indiana; 1:500), rabbit GAT-1-specific antibody (N. Brecha, Univ. California Los Angeles; 1:1,000) and an affinity-purified rabbit antibody against the α6 subunit GABA A receptor (A. Stephenson, University of London; 0.5 µg/ml).
Both monoclonal and polyclonal antibodies against β-galactosidase labeled the same cell types. We then rinsed sections and incubated them in the appropriate secondary antibodies: goat antibodies against either mouse or rabbit Alexa 488 and Texas Red (Molecular Probes) diluted in the same solution as the primary antibodies.
Quantification of fluorescence intensity and cell counts. We examined GAD65-immunoreactive boutons with a Bio-Rad MRC 1000 confocal microscope (100×, n.a. 1.30 Plan-Neofluor). The same fields were selected for all genotypes. Two images spaced 1-µm apart were used to quantify the fluorescence intensity from each sample (n = 3). All images were taken by Kalman averaging (four times) by excitation at 568 nm (laser power 3%, iris 2.4). To obtain binary images, we also used the background threshold of the wild-type sections for the corresponding sections from fBZ/fBZ and Wnt1Cre;fBZ/fBZ littermates. For particle analysis, the threshold was set at 13 pixels, which was the estimated minimum size of a GAD65 bouton in the Wnt1Cre;fBZ/fBZ mutant mice. We measured the fluorescent intensities (gray levels) and the immunolabeled regions in an area of 8,600 µm 2 , using NIH Image software as described 44 .
Quantification of the cell counts is described in the Supplementary Methods (available on the supplementary information page of Nature Neuroscience online).
Golgi staining and in situ hybridization. We stained brains by the rapid Golgi method 45 . In situ hybridization was done with digoxigenin-labeled riboprobes on 100-µm sections as described 46 . We used antisense riboprobes to both the extracellular and tyrosine kinase domains of trkB. Specificity of the probes was established by using sense probes as controls.
Electron microscopy. Mice were perfused with 0.9% NaCl, followed by 2.5% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 20-30 min. The heads were removed and stored overnight at 4 °C, and then each cerebellar lobule was dissected out and postfixed for 1 h in 2% osmium tetroxide, 0.1 M sodium cacodylate, pH 7.4. The lobules were then dehydrated using a series of ethanol dilutions and flat-embedded in an Epon-Araldite mixture. We used semithin sections stained with toluidine blue to identify and trim the medial sagittal plane of lobule IV. Ultrathin sections were cut and stained with uranyl acetate and lead citrate. Quantitative analyses were done blind to genotype. We took 15 electron micrographs from the glomeruli at a final magnification of 35,000× for each genotype in each experiment (n = 3). Inhibitory Golgi cell synapses were identified by the criteria given in ref. 47 . The total numbers of symmetric synapses per glomerulus and per Golgi axon varicosity were counted. We measured the diameter of each granule cell in its longest axis (10 cells per genotype per experiment; n = 3). We used 10 electron micrographs of the molecular layer at a final magnification of 35,000× for each genotype to analyze parallel fibers in each experiment (n = 3). The diameter of the fiber was measured in its longest axis (10 fiber profiles per micrograph). For counting numbers of glomeruli and excitatory synaptic specializations (asymmetric synapses), we used 20 electron micrographs from the granule-cell layer at a final magnification of 7,500× for each genotype in each experiment (n = 3). 
